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Motivation and Summary

Anp @SFNAR FFFISNI AlQa Raccege? bhéNIorthel K
sawtooth phenomena that is consistent with experimental observations

A TheKadomtse¥model is likely validt low-temperatures &ow pressures,
but it cannot explain sawteeth in high, moderate to higtb discharges

A There is now experimental and computational evidence tha@d with low
central shear in many higberformance discharges that exhibit sawteeth

A¢KAEd OFy 06S SELX I AYSRmodeg withthy 2 RA T A
addition of fluxpumping (dynamo) and higher orderodes with n=n» 1

1 Kadomtsev,, BFiz Plazmyl 710 (1975)%ov J. Plasma Phys. 1 380({6)
2J. A. Wesson, Plasma Physics and Controlled Fusion 28 243)(1986



Two Dominant Competing Theories of Sawteeth

Kadomtsev (1975)
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Wesson (1986)

g and 3*(p/p0) vs r/a
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Difference is in the evolution of the-profile and the mechanism for the crash in p.



First measurement of sawtooth oscillations
were in a low S, lowbdischarge

VoLuME 33, NUMBER 20 PHYSICAL REVIEW LETTERS 11 NovEMBER 1974

Studies of Internal Disruptions and m = 1 Oscillations in Tokamak Discharges
with Soft—X-Ray Techniques*

S. von Goeler, W, Stodiek, and N. Sauthoff
Plasma Physics Labovatory, Princeton University, Princeton, New Jevsey 08540
(Received 11 July 1974)

t (10O s /cm) —

A ST Tokamak: J= 800 eV , = .5 x 16¢
A Quasiperiodic (1,1) oscillations in central temperaturel00 s )

A LowS~ 10, lowb<1 % L U2 _
s1lr 8 Bog m (3 (Lundquist
t, R gnM number) ,




Oscillations were explained shortly afterwards by Kadomtsev

=1 (b)

A Current peaks and,@irops below 1 due
to resistive diffusion with peaked
temperature profile

ty~ h—-S*

A When ¢ <1, (1,1) resistive kink
instability begins to grow.
g~ W _ S— 1/3

N EH A After several dolding times, complete
I\ /| reconnection restores gfo 1 as the (1,1)
T\ /| island displaces the center surfaces.




CKMAaRAY1ASY NBO2YYySOUA2YE KI-a
time nonlinear 3D resistive and 2F MHD simulations at 16& S
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A Shown is a lontjime M3D-C
simulation atS~10°, b ~.06 %

A Repeated reconnection events
occur. Well described by
Kadomtsev model

A However, this model does not
scale to higls >> 19

A Snce (1,1) growth rate is much
faster than current diffusion rate,
there will be negligible drop inyq
before mode grows up.

g i~ N~S">1



High-T, plasmas show much faster crash times thar/3

Investigation of magnetic reconnection during a sawtooth crash
in a high-temperature tokamak plasma

M. Yamada, F. M. Levinton,® N. Pomphrey, R. Budny, J. Manickam, and Y. Nagayama®
Princeton Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543

(Received 2 March 1994; accepted 9 June 1994)
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A TFTR electron temperature crastmes werevery fast,~ 100ns. Eventhough
T.is over 10 times greater thaR in theSTcrash times are comparable.

U Sawtoothfast crash times on TFTR and other laom@maksnot consistent
with originalKadomtsev model



Many theory papers have offered explanations for fast crash time:

With the Kadomtsev model in mind, many A However, all thesaumerical
dzi K2 NBE Kl @8 aSELX | Ay S Rydiesarednfializgqyiingng § 5 |
due tofast magnetic reconnection unstableplasma withq, <<1
A Anomalous electron viscosity[1] A How did the plasma get into this
ﬁ Twofluid effects [24] initial unstable state ? Repeatable?
Highn ballooning modes [5 : :
A Plgsmoids [6] J 5] A Need to simulatenultiple sawteeth
0.06
[1] Aydemir, A. Y., Phys. Fluids B 2 2135 (1990)
[2] Aydemir, A. Y., Phys. Fluids B 4 3469 (1992)
[3] Yu, Q., Gunter, S., and Lackner, K., Nucl. F&5iai130082015) g %
[4] Beidler, M., Cassak, P., Jardin, S., Ferraro, N., Plasma £ «
Phys. and Control. Fusion 59 025007 (2017) & .02
[5] Nishimura, Y., Callen, J. D., Hegna, C., Phys. F3468&(1999)
[6] Gunter, S., Yu, Q., Lackner, K., et al. Plasma Phys. :
Control. Fusion 57 104017 (2015) 0.00 - oo 00 300
[7] Sugiyama, L. Phys. Plasmas 21, 022510 (2014) time

From Ref. [2] 3



An alternative to Kadomtsev model is the interchange model

A First introduced by Wesson [8] (coined the name quratsirchange)

—
=

verylow central shear is unstable toaressure =
driven(1,1) interchange mode.
Vlll — R2 ﬂlel 3 /-E 0.0 0.2 0.4 r 0.6 0.8 1.0
| A This (1,1) flow field found in M30C simulations agrees
1 with the linear eigenfunction found analytically [9,10]

A We now know that this (1,1) interchange mode saturate
\ at a low amplitude thru dynamo effect (more later)

32 34 e 38 °

[8] J. Wesson, PPCF 28 243 (1986)
[9] J. Hastie and Hender NF 28 585 (1988) :
[10] F.Waelbroeckand RHazeling PF 31 1217 (1988) j=90 = 180 | =270
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A Atokamak with g slightly exceeding 1 andith
| 06 o

0.0

0

9



Both the Kadomtsev and Wesson Models are Incomplete

Kadomtsev (reconnection)

A How to explain fast crash times
(ideal MHD time scale) in higle
high-b experiments

A What triggers the sudden crash?
A How to explain recent experimental

measurementsthat g, @L before
and after the crash?

INam Y. B., Ko, J. S.,

Wesson (Interchange)

A Why does gstay at 1 in the
center (with low shear)?

A What triggers the sudden crash?

Choe, G. H. et al Nucl. BE8&6009 (2018)



Both the Kadomtsev and Wesson Models are Incomplete
Kadomtsev (reconnection) Wesson (Interchange)

A Why does gstay at 1 in the
center (with low shear)?

u (1,1) interchange mode
saturates and produces central
loop voltage thru dynamo effect

A What triggers the sudden crash?

U ldeal MHD stability boundary
for modes with m=n>1is
crossed when central pressure
Increases sufficiently

Only at lowT,, low-b

INam Y. B., Ko, J. S., Choe, G. H. et al Nucl. BE&i&6009 (2018)



(1,1) flow field produces dynamo voltage that opposes drop in,q

V < AL w Lo A |
DFl,l'VuB A ZD/ <€ {uSlIFRe {0FUS hK
A P potentialF ., at one toroidal pla
These 2 large terms must almost cancel
A Perturbed electric potentiaF ; , very similar o
in form to perturbed stream functiob), , ‘
A (1,1) velocity field also creates3q ;
perturbed magnetic field: — U'Bl,1~ E) (s\/ll B3 )
A Perturbed electric potential and magnetic
field produce a counter locpoltage in —
. ) V,,=B,+DE, -+

center, keeping gifrom dropping below 1:

Dardin, Ferraro, Krebs, PRL , 21 215001 (2015) 12
’Krebs, JardinGuenter et al, Phys. Plasmas 24 102511 (2017)
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In 3D, theB, ; T b F,term leads to an effective ? 20 7
voltage along the field in center (dynamo effect) ., o_ 5. 5 V. y
2
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A White is zero, blue is negative. a0

A Center region is negative at all toroidal locations ="
indicating a (0,0) voltage generated nbnearly
that opposes the drop ing

—Z=10™"

A This mechanism keeps g 1 +eas shown on next slide



The \{,voltage from B , 7 D £ keeps ¢ @

Resultfrom longtime M3D-C' simulation
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A Since the interchange instability drive and helfrcg, is strongest
at g, = 14e, this provides a natural feedback mechanism that
keeps ¢ just above 1.0 14



What causesl, crash? Consider linear stability of
modes with n=19 in circular cylindegeometry
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3D Extended MHD Equations in M3D
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U =(B/B) D P(JI ™) g Q=3m(n- p)/(M.)

Blue terms are 2 -fluid terms . Loop voltage at boundary, V|, adjusted to keep | fixed. Energy
and particle sources adjusted to keep b and <n> fixed. 16



Centralheating leads to periodic oscillations iig0)

q - (safety factor)
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Clearly shows fast crash due to highemodes
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